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RESEARCH MEMORANDUM

PRELIMINARY INVESTIGATION OF THE DELAY OF TURBULENT
FIOW SEPARATION BY MEANS OF WEDGE—-SHAPED BODIES

By George B. McCullough, Gerald E. Nitzberg,
and John A. Kelly

SUMMARY

An experimental investigation of pyramidel, wedge—like bodies as
devices for delaying separation of a turbulent boundsry layer was under—
taken. Tests of individual wedges on & large flat plate showed that,
within certain limits, effective boundary-layer c¢ontrol could be obtained
with wedges of different geometry, but that the drag of the wedges wes
high, making it desirable to keep the size of the wedges to a minirmum.

Tests of multiple small wedges attached to a two-dimensional
NACA 633-018 airfoil model showed that greater maximum 1ift was attained
by plecing the wedges well forward along the chord, and by allowing open
spaces between adjacent wedges. The best arrangement found increased
the maximum 1ift of the airfoil ebout 45 percemt at the expense of
doubling the zero—lift drag. Similar gains were achieved by the use of .
small, vane—type vortex generators at about helf the cost in drag.

INTRODUCTION

This report is concerned with an attempt to control the growth of a
turbulent boundary layer by means of wedge—shaped bodies similar to the
one shown in figure 1. The method was suggested by consideration of the
types of flow associated with the NACA submerged  inlet (reference 1), and
the vane—type vortex generstors described in reference 2. -

Studies of the flow in the NACA submerged inlet Indicated that,
although a pair of vortices existed in the lee of the dlvergent walls of
the inlet, the principal mechenism exerting a thinning action on the
boundary layer on the flodr of the inlet was the lateral spreading of the
flow caused by the divergent walls. Also, the United Aircraft Corpora—
tion has shown that & turbulent boundary layer can be re—energized by
utilizing the circulatlion of trailing vortices shed from the tips of
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smell low-aspect—ratioc wings to mix high—energy air from the outer flow
with the low—energy air mear the surface on which boundary—layer control
is desired. It was reasoned that a wedge—shaped body would combine both
flow mechanisms and have the additional advantage of dlscharging the
oncoming boundary layer flowing up the ramp as a sheet of vorticity over
the oblique edge of the wedge. The discharged sheet of vorticity would,
in turn, roll up into a trailling vortex. Thus, the action of the wedge.
would be threefold, and was expected to exert a powerful control on
boundary—leyer growth.

The Investigation, conducted in the Ames 7— by 10—foot wind tunnels,
conslsted of, first, an exploration of the flow associated with indi-—
vidual wedges when mounted on & flat plate, and, second, a determination
of the effectiveness of multiple wedges for delaying separation of the
turbulent boundary layer from the upper surface of a two—dimensional
alrfoll model.

NOTATION

The coefficlents and symbols contalned in this report are defined
ag follows:

b wing span, feet .
c wing chord, feet

cq &average section drag coefficient, corrected for Jet-boundary effect

by the method of reference 3 - <%%%5

Acd incremental section drag coefficient [(cd_ for airfoil with
wedges) — (cg for airfoil without wedges) ] .
c, average section 1lift coefficient, corrected for Jet-boundary effect

by the method of reference 3 <
acb

c average section pitching-moment coefficient referred to the quarter
chord, corrected for Jet-boundary effect by the method of refer-

pltching moment
ence 3 ( =

AH  local total-pressure decrement [ (free—stream total pressure) —
(local total pressure in boundary layer or trailing vortex)]
pounds per square Ffoot -
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P pressure ccefficlent
[(local gtatic pressure) — (free—stream static pressure):l

Q

free—stream dynamic pressure, pounds per square foot
v free—stream veloclty, feet per second

x distance from alrfoll leading edge measured parallel to the chord
lins, feet :

y distance measured normal to surface (both flat plate and airfoil),
inches .

z lateral distance measured paraliel to leading edge of wedge, inches

a section angle of attack, corrected for Jet—boundary effect by the
mathod of reference 3, degrees

Sp flap deflectlion, degrees

T circulation of the discharged vortex, feet squared per second

MODELIS AND TESTS
Individual Wedges Mounted on a Flat Plate

The 1tems investigated during the tests of individual wedges include
the minimm ramp angle and the meximm divergence angle which would per—
mit well—defined vortex flow, the circulaetion of the discharged vortex,
the effect on the boundasry layer of the flat plate, the drag of the
wedges, and the effect of the ratio of wedge height to the initiel thick—
ness of the oncoming boundery layer.

Three models, of different ramp and divergence angles, used in this
phase of the investigation were relatively large in order to facilitate
flow-direction measurements in the wake of the wedges. Other wedges of
sbout one—third the size of the large wedges were used in connection
with total-pressure measurements near the surface. The wedges were
mounted on a large flat plate which formed a dummy wall parzllel with
the real wall of the wind tunnel so thet the boundary layer of the
+tunnel wall passed beneath the flat plate. The leading efges of the
wedges were normal to the stream direction and one face was parallel
wlth it as shown in figure 1.
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Visual studies of the flow were made by means of tufts and smoke
filements emitted from a row of orifices along the oblique edges of the
various wedges. Other orifices installed 1n the wedges and in the wall
permltted the measurement of pressure distribution. Surveys of the flow
in the vicinity of the wall were made with small rakes of total—pressure
tubes. In order to determine the circulation of the discharged vortex,
maps of the flow velocity through a cross section of the wske. downstream
of the wedges were made using & previcusly calibrated four-pronged yaw
head for determining flow direction. A photograph of the yaw head is
shown In figure 2. The flow velocity was determined by means of a total—
and a static—pressure tube mounted parallel with the axis of the yaw
heaed. The offset of the static tube was taken into account in the cal-—
culation of the locael flow velocity.

Most of the tests were made with free—stream dynamic pressures of
25 and 50 pounds per sguere foot. The smoke observations, however,
necessitated a much lower speed.

Multiple Wedges Mounted on an Airfoil

The alrfoll model employed In the investlgation of multiple wedges
wes a S5—foot—chord, NACA 633-018 airfoll. When mounted in the wind
tunnel, the model spanned the T—foot dimension. Attached to the ends
of the model were circular plates, 6 feet in diameter, which formed part
of the tumnel floor and ceiling. The model was provided with a row of
pressure orifices slong the mlidspen sectlon and a 27;1/2-percent-chord
plain flap hinged on the chord line.

Several arrangements and chordwlse locatlions of small wedges on the
upper surface of the alrfoll model were Investigated briefly. All the
tests, for which data asre shown, were made with a baglc wedge 9 inches
long, 1 inch high, and with a divergence angle of 15°. vVarious combina—
tions of wedges were produced using right-hend and left—hand wedges.
(The wedge shown in flg. 1 was considered to be right hand.) The ramp
angle was increased by plling one wedge on top of another. The wedge
directly in contact with the sirfoll was contoured to fit the surface.
The particular arrangement of right~hand wedges shown in figure 3 was
selected for more detsiled study. These wedges were 2 inches high &t
the trailing edge so that the average ramp angle was about 12.5°.

The data obtained include the lift, drag, and pitching—moment char—
acteristics as determined from the wind—tunnel balance system,® visual

‘The data from the balance gystem include the unknown lift, drag, and
piltching~moment tares of the circular plates on the ends of the model.
Provious investigations have shown the 1ift and pitching-moment tares
to be small.
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observations of tufts, the chordwise distribution of pressure, and
surveys of the flow adjacent to the surface. The tests were made with
a dynsmic pressure of 40 pounds per square foot which corresponds to a
Reynolds number, based on the 5—foot—chord dimension, of 5,800,000.

REESUITS OF TESTS OF INDIVIDUAL WEDGES
Visual—Flow Studiles

Photographs of the flow, as indicated by smoke fillaments and by
tufts, are shown in figure %. The ramp angle of this wedge was T°, and
the angle of divergence 30°. The upper photograph shows that the
boundary layer flowing over the cbligue edge of the wedge was rolled up
into & vortex and discharged near the trailing edge of the wedge. (The
dark aresa beneath the helical smoke patiern was palnted on the wall to
provide visual contra.st.) The spreading of the flow close to the wall
is better shown in the accompenylng tuft photograph.

It was found that as the angle of divergence was increased beyond
sbout 50° the vortex flow persisted only psart way along the oblique face
of the wedge, then broke away and passed downstream. Behind the remain—
der of the face the flow eddled unsteadily. As the angle of divergence
was decreased by rotating the wedge, the vortex remained visible umtil
the angle approached zero. With the ramp angle reduced to 4°, only a
portion of the smoke was entrained in the vortex; the remainder drifted
over the region occupied by the vortex and mingled with the general flow.

Pressure Distribution

The distributlon of static pressure on the inclined remp and on the
oblique face of the wedges, as well as on the wall downstream of the
wedges, was determined from three streamwise rows of flush—type orifices.
Data for the wedge shown in figure 4 are presented in figure 5. Similar
pressure distributione were obtalned for the other wedges.

The pressure diagrams were Ilntegrated and a pressure drag coeffi—
clent based on the projected frontal ares of the wedges was computed.
The value of the drag coefficlent was about 0.3 for the wedge shown In
figure 4. Reducing elther the ramp angle or the angle of divergence .
reduced the drag coefflcient. For a wedge with a remp angle of 6° and a
divergence angle of 15° the value of the drag coefficlent was sbout 0.12.
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Circuletion Measurements

Attempts were made to determine the circulation of the vortices
generated by three different wedge shapes by means of surveys of the
flow. This proved toc be a tedious umdertaking because the flow angu—
laritlies encountered exceeded the range of sensitivity of the yaw head
and necessltated frequent stoppege of the wind tummnel to aline the survey
device more nearly parallel with the local flow direction. Because of
poasible errors introduced by these regadjustments, and also because of
flow fluctuations, the measurements of circulation are consldered to be
only approximate (probably no better than+5 percent), but the relative
values determined for the various wedges are considered to be gualita—
tively correct at least.

Results of the drag and circulation measurements of the three wedges
sre given in the following +table:

Wedge
Ramp Divergence by Pressure—drag
angle angle v coefficient
(deg) (deg)
T 30 0.86 0.29
L 30 A5 ' .18
6 15 .34 12

It will be noted that both the strength of the discharged vortex and the
drag were lowered by reducing either the ramp angle or the angle of diver—
gence. Increasing the displacement thickness of the boundary layer on

the wall immediately ahead of the 7° wedge from 0.2 inch to 0.5 inch had
little effect on the vortex strength or the drag.

Surveya of the flow in the vicinity of several wedges were made with
a reke of total-pressure tubes whieh was moved laterally through the weke.
Because the flow direction varied with distance away from the wall, some
of the tubes of the reke were so oblique to the flow as to be unable to
indicate the true total pressure, but, since the reglon immedistely adja—
cent to the surface was of greatest interest, the rake was alined in the
direction indicated by a tuft attached to the wall at each of the several
posltlione occupied by the rake. In some locations, therefore, the sur—
veys cannot be considered as bowndery-layer surveys, but serve only to
give a qualitetive representation of the nature of the flow.

)
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In figure 6 are shown contour maps derived from surveys made behind
a small wedge of 6° ramp angle and 15° angle of divergence. The surveys
were made at four stations, one—half, ane,® two, and three wedge lengths
downstream of the trailing edge of the wedge. The data are shown In the
form of contours of constant values of the paramster (1 — AE/ ). The
verticael scale of the maps has been magnified two and one-half times to
give more spread to the contours. Also shown on the maps are outline
drewings of the wedge, and the contours of (1 — AH/q) for the bare
wall. Although the deta are only spproximately correct, partioularly at
a digtance from the wall because of angularitles of the local flow men—
tloned previously, the low total-pressure region of the core of the
vortex and the distortion of the boundary layer cn the wall are clesrly
spparent. Also, the lateral shift of the cembter of the vortex with
increasing distance downstream may be seen in this figure.

Similar, although less complete, surveys were made for the large
wedges. The boundary layer along the ramp of the T° wedge was approxi—
mately 1—1/2 4nches thick. Behind the wedges the lateral distribution
of total pressure was similar to that shown in figure 6. The minimum
height of the (1 — AH/q) =1 contour at a lateral station cne—third
wedge length downstream of the trailing edge of the T° wedge was sbout
1/4 inch; the correspending height on the bare wall was 2 inches.

Reducing the remp angle from 7% to 4° had 1ittle effect on the
minimim height of the layer of reduced total pressure in spite of the
reduced strength of the trailling vortex, but did reduce the lateral
extent of the thinned-out layer. Reducing the angle of divergence from
30° to 15° approximately doubled the minimum thickness of the leyer.
Reducing the size of the wedge to one—third of its original dimensions
without otherwise altering its geometry had little effect on the mini-
mum thickness.

RESULTS OF TESTS OF MULTIFIE WEDGES

The first arrangement of wedges to be lnvestigated on the airfoil
model employed right—hand wedges adjoining one another so that the lead—
Ing edges of the wedges formed a continuous stralght line; thus giving
a maximum number of tralling vortices (all rotating in the same sense).

Effect of Wedges on Maximm Lift

Chordwise location.— The variations of maximum sectlon 1lift coef—
Picient with chorawise location Por wedges 1 inch and 2 inches high are

2pate for the right—hand half of this station were obtained by imterpo—
lstion between dats cobtained one—-half and two wedge lengths downstream.

eyl
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shown In figure 7. The greatest average section lift coefficient _
obtained In this series of measurements was 1.85 for wedges 2 inches
high with their leading edges st 25—percent chord. (The maximum section
1ift coefficient of the basic alrfoil was 1.33.)

A similer series of measurements was made using right— and left—
hand wedges alternately. The number of trailing vortices was the same
as for the previous-arrangement, but the sense of adjacent vortices
alternsted. The results of these measurements are also shown in figure 7.
The maximum 11fts obtained with the l—inch-high wedges was about the same
as with the arrangement employing right—hand wedges only, but with the
alternating 2-inch—high wedges the maximum lifts were less than with the
2—inch—high right-hand wedges. Co ) T

A few tests were made with wedges 3 inches high, but in each case
the maximum 1ift was less than with the corresponding arrangement of
wedges 2 inches high. ' :

Wedge spacing.— The next variable Investigated was that of wedge
spacing. It was found that greater meximum 1ift was obtained with an
open space between adjacent wedges, and that an open space equal to one
wedge width was about optimum for this type of wedge. Since the data
for figure 7 showed that it was advantageous to use a more forward loca—
tion of the wedges, the tests with spaces between the wedges were made
with the leading edges at 10— and 25—percent chord only. The greatest
maximum average section 1ift coefficient cbtained was 1.93 for 2—inch—
high right—hand wedges spaced one wedge width apart with their leading
edges at 10—percent chord. This is the configuration shown in figure 3,
and was the one adopted for more extensive study.

Several wedge arrangements other than those mentioned were investi—
gated briefly. Most of these were inferior to the configuration adopted
for detailled study; others.prdduced.as much maximum 1ift with less drag,
but the results were not consistently repeatable. It was concluded that
they were too sensitive to smsll random flow disturbances to merit fur-—
ther consideration for this application. o '

Effect of Wedges on Drag

The difference im the drag coefficient (based on wing area) at zero
1ift for the sirfoil with and without wedges is shown in figure 8 for the
arrangements employing right—hand wedges for which maximm 11ift data
are presented in figure 7. The incremental drag coefficient produced
by the l—inch-high wedges at 55—percent chord is sbout the same as
the pressure drag coefficient, adjusted to wing area, measured for a
geometrically similar wedge on the dummy well. Doubling the height of

L )
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the wedges more than tripled the Incrementasl drag. This would be
expected from the drag date obtained for the individual wedges which
showed that the dreg coefficient based on frontal ares was nearly pro—
portional to the ramp angle or helght of the wedges. Thus, doubling the
wedge height would quadruple the value of an incremental drag coefficient
based on wing area. The rapid rise of drag wilth forwerd movement of the
wedges may be, in part, caused by the forward movement of tramsition from
laminer to turbulent flow. Removing every other wedge reduced the incre—
mental drag of the model nearly by half, and, as previously mentioned,
actually benefited the maximm 1ift of the wing with 2—Inch-high wedges.

Lift, Drag, and Pltching-Moment Characteristics
of Configuretion Adopted for Detailed Study

In figure 9 are shown the 11ft, drag, and pitching—moment character—
1gtics of the airfoil with 2—inch-~high wedges spaced one wedge width -
apart across the span at the 10—percenbt—chord station. Data are shown
for the model with the tralling—edge flsp set at various deflections
from 0° to 40°. Similar data for the model without wedges are alsc pre—
sented, It should be remenmbered that the section drag coefficient
includes the tare drag of the clrcular end plates.

The maximm section 11ft coefflclent with the flap undeflected was
increased from 1.33 to 1.93, an increase of 0.60. With the flap deflected
400, the increase was from 2.07 to 2.39, or an increment of 0.32. The
effect on the 1ift curve was to extend its nearly linear range to higher
angles of attack. There was little effect on the e for zero lift or
on the lift—curve slope. With the flap deflected 20%, the shift of the
1ift curve caused by stalling of the flap was delayed to a higher angle
of attack. With the flap deflected 4O° s the flasp was always stalled in
the positive 1ift range, which probsbly accounbts for the reduced effec—
tlveness of the wedges.

The drag of the alrfoill in the low and moderate 1ift range was, of
course, greater wilth the wedges then without. In the high 1ift range
corresponding to separated flow on the basic airfoil, however, the drag
of the airfoll with wedges was less than the drag of the basic sirfoil.

The zero—l1ft piltching moments were not significantly affected by
the presence of the wedges, particularly for the airfoil with the flap
undeflected. For a flap deflection of 20° the airfoll without wedges
suffered a reduction in longitudinal stebility, but this reduction was
delayed to a higher angle of attack by the addition of wedges.
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Flow Studles

Tufts.— Cbservations of tufts attached to the airfoil without wedges
showed that the baslc. alrfoil stalled from separation of the turbulent
boundery layer. The seperated area appeared initially at the trailling
edge for an angle of attack of ghout 9°, and progressed steadily forwerd
to sbout midchord at meximum 1lift. With the wedges in place, the initial
appearance of separation was delayed to an angle of attack of about 20°.
At higher angles of attack the flow was unsteady. The area of separation
swept forwsrd intermittently from the tralling edge to the position of the
wedges, causing the airfoll model to lunge as the flow separated and reat—
tached. At no time did the flow ahead of the wedges separate from the
surface. :

Pressure distribution.— In figure 10 are shown chordwise distribu—~
tions of pressure on the alrfoll with and without wedges. The angle of
attack was 14.70, corresponding to c¢3 of the basic alrfoil. Flow

gseparation 1s indicated over the rear half of the baslc alrfoll by the
region of relatively comnstant pressure, but for the alrfoll with wedges
the flow 1s attached as 1s shown by the continual recovery of pressure.
A localized area of low pressure occurred in the vicinity of the wedges.
(The line of pressure orifices passed through the center of an open
space between wedges.)

For higher angles of attack the peak negative pressure near the npose
of the eirfoil continued to rise. For an angle of attack of 19.4° the
pressure coefficlent P attained & value of at leagt —11l.5 without indi-
cation of flow separatlon at the trailing edge. Because of unsteadiness
of flow, satisfactory pressure measurements could not be made at maximum
1ift. o ' ' o

Total—-pressure surveys.— Total-pressure surveys were made at
several chordwise statlons downstream of the wedges. In figure 11 are
shown the results of surveys made at the . 95—percent—choerd station for
four angles of attack. These dets are shown as contour maps of the
perameter (1 — AH/q) similar to the maps in figure 6. The outline of
the wedges 1n the flgure appear distorted because of the megnified verti—
cal scale. Similar date for the basic sirfoil (except for 1%.7° angle of
attack for which angle the flow had separated from the surface) are also
shown. The result of the action of the wedges as Injectors of high—
energy air into the thick turbulent boundery layer 1s apparent.

Test With Multiple Small Vanes

A brief investigation was made of vortex generators. These devices
consisted of small venes made of flat, 1/32~inch sheet brass as shown in
the following sketch.
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The vanes were installed k—1/2
inches apart across the span of the
airfoil model at the lO0-percent—

chord station. The angle of attack
of the vanes was 22-1/2° with the Dimensions in inches
sense of the angle of attack slter— 3 3 3
nated between adjacent vanes so as =l & l*— g —-i -

t

to produce oppositely rotating .
tralling vortices. Lift, drag, and

pitching-moment data for the model ol
with the vane—type vortex gener—

ators are shown in figure 12. Also

shown are similasr data (from fig. 9)

for the basic alrfoll and the alrfoil

with wedges. The maximum lift coef—

ficient with the vortex generators

was 1.89, only 0.04 less than the

maximum obtained with wedges.

DISCUSSION

The tests of wedge—sheped bodies demonstrated that they did delsy
separation of the turbulent boundary layer from the surface of an air—
foil. The relative importance of the roles played by the simple lateral
spreading of the flow engendered by the diverging face of the wedge and
by the induction of high-energy sir into the boundary layer downstresm
of the wedges by the circulation of the trailing vortex was not made
clear. The effectiveness of this latter mechanism depends on the dis—
tance of the axis of the vortex asbove the surface and on the diameter of
the core, as well as on the circulation of the vortex. It 1s apparent
that greater mixing action in the boundary layer would be reslized if
the axls of the vortex were brought down close to the vicinity of the
outer edge of the boundary layer, and if the core dlameter were reduced.
In the present tests, the vene—type vortex generators were superior to
the wedges in regard to both these effects.

The lesser effectiveness of the l-inch-high wedges as compared to
the 2—inch-high wedges (fig. 7) may be accounted for by the reduced
ramp angle of the forward part of the wedge caused by contouring the
lower surface to fit the.surface of the alrfoil. When mounted well for—
ward on the wing, the average ramp angle of the forward half of the
l-inch~high wedges was about 3°. The tests on the dummy wall showed that
the wedges were less effective when the ramp angle was reduced to §°,
The addition of the second wedge to make the total height 2 inches
increased the ramp angle of the forward portion of the wedge to about 9°.
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The reason for the failure of the maximum 1ift to Increase when the
closely spaced, 2-inch-~high wedges were moved forward from the 25-percent—
chord station to the l0—percent—chord station was not mede clear. It is
believed that the slightly blunt edges of the closely spaced wedges,
when placed in the thin boundary layer near the leading edge, may have
caused a sufficlently large local ‘disturbance to precipitate flow sepa—
ration.

The lesser effectiveness of the adjolning wedges as compared to the
open—spaced wedges, 1n splte of the fact that the former arrangement
produced twice as meny vortices per unit span, may be due to the presence
of a dead—air region in the anguler space between the adjoining wedges.
Such a dead—alr reglon would accelerate boundaryblayer growth and the
occurrence of flow separation.

The drag of the wedges wes shown by the tests on the dummy wall to
be high. When the wedges are spplied to a wing, the drag of the wing
will be increased not only by the pressure and friction drag of the
wedges themselves, but also by the Increased friction drag of the wing
resulting from the wedges fixing transition at a more forward station
than ne mal. The high drag of the wedges makes 1t seem cbvious that for
any practical applicetion they must be retracted into the wing for high—
speed and crulsing flight. .

CONCI.UDING REMARKS

The best arrangement of wedges applied to the NACA 63 18 airfoil
model in the present investigation Increased the maximm average 1lift
coefficient from 1.33 to 1.93, an increase of 45 percemt. With the
plain flap deflected, the wedges alsc Increased maxlimum l1ift, but the
increment was not as great. The iIncrementsl dreg coefficient caused by
the wedges was sbout 0.006 in the low and moderate 1lift range. In the
high 1ift range the drag of the wing with wedges was less than the drag
of the-plain wing.

A brief Investigation of vane-type vortex generators applied to the
NACA 633—018 ailrfoil model showed increments of maximum lift nearly as
great as those produced by the wedges with about ome—half the incrementsl
drsg. Apparently the mixing sction of the smaller vortex generators is
as effective as the combined flow mechanisms of the wedges.

Ames Aeronautical Laboratory;
National Advisory Committee for Aeronautics,
Moffett Fleld, Calif.
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Figure 2.— Photograph of the four—pronged yaw head.
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Figure 3.~ Wedges mounted on NACA 633—018 airfoll model.
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(b) Tuft study.

Figure 4.— Flow studies of large wedge mounted on f£lat plate.
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2.2

- Wedge arrangement
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Figure 7-— Variation of maximum [liff with chordwise
position of leading edges of adjoining wedges.
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Figure B8.— Variation of incremental drag at zero [ift
with chordwise position of [eading edges of
adjoining wedges.
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o NACA RM AS0L12
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Figure [0.— Pressure distribution on the WNACA 63;-0/8

airfoil section with and without wedges. «a,, 14.7°
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